Introduction
To be profitable, container production of horticultural crops requires precise control of water and fertilizers. Physical properties of horticultural substrates have been studied in order to help develop more effective irrigation and fertilization strategies. Containers presented two problems: 1) small reservoirs for water supply, and 2) short substrate columns that adversely affected drainage. The first goal was to develop structures that could hold an adequate water supply for the plant, but that drained well enough for good aeration and root growth. The result was the development of "soilless" mixes, comprised mostly of sphagnum peat combined with an aggregate such as perlite or vermiculite.
These mixes had very coarse structures, and required large quantities of water and fertilizers, much of which was lost by leaching from the bottom of the containers. Today, the requirements for substrates have changed. Potential ground water contamination from pesticides and fertilizers makes dealing with water and fertilizer runoff very expensive. The basic control strategy is to reduce the inputs of water and fertilizer to a minimum, and capture or recirculate the smaller runoff volumes.
Therefore, one of the goals of substrate research today is to make the mixes more efficient by improving water availability to the plant. The concept of water availability has long served as a criterion for irrigation management. However, the underlying assumption in container substrate production was that the water in the container was equally available throughout a defined range. Currently, criteria for water availability are based on the volume of water in the substrate.
In order to improve efficiencies in horticultural substrates, we need: 1) a better understanding of physical properties and hydraulic properties, and 2) a broader approach to their diagnostics.
Physical and Hydraulic Properties
A problem in physical property determinations is a lack of agreement on which properties to measure, as well as how to measure them. Properties such as pore space, bulk density, particle size distribution, and organic content are examples of those indices that "describe" the material itself.
Hydraulic properties influence the entry of water into the substrate, the movement of water to the roots, the flow of water out of the substrate and the evaporation of water from the substrate surface. Hydraulic properties can be divided into two areas: 1) water retention characteristics and 2) hydraulic conductivity. Water retention characteristics measure the substrate's ability to store water. This area has seen much research in the last 20 years. Terms, such as, "easily available water" (De Boodt and Verdonck, 1972) , "container capacity" (White and Mastalerz, 1966) , and "permanent wilting point" ( Cassel and Nielsen, 1986 ) have increased our understanding of water storage in substrates.
Hydraulic conductivity is the substrate's ability to transmit water. It is defined by Darcy's law and is a function of substrate water content. Conductivity of a substrate depends on the geometry of the pores and the properties of the fluid in them. In saturated conditions, water movement is predominantly through large pores. As water content decreases, the large pores drain, tortuosity of the flow path increases, and water movement is mainly through smaller pores.
Methods of determining hydraulic conductivity have been developed for field soils (Klute and Dirksen, 1986) . While these methods are useful, significant modifications are necessary to measure coarse horticultural substrates. Also, these methods are generally more complicated than measurements of water retention. Consideration should be given to the development of these techniques specific to horticultural substrates. These methods are now being explored by colleagues in Israel (Wallach, da Silva, and Chen, 1992) .
Approaches to Diagnostics
One of the hurdles I see for effective description of physical and hydraulic properties of substrates is the apparent differing philosophies regarding the research of these properties. The research can take two approaches: empirical and mechanistic. Essentially, the empirical approach measures components that have proven to work in horticultural crops and compares them to potential new ones. This approach has worked well. It has resulted in the development of new procedures, the establishment of ranges for important criteria, and formal (or informal) databases of information. These improvements in data and informa-tion are most useful to the individual researcher who produced them. Problems often result when several researchers try to compare their findings, because of the lack of uniformity in technique, as well as definition of terms.
The second approach is more mechanistic, exploring the mechanisms of water transport (and even solute transport) in horticultural substrates. The researcher seeks to develop mathematical models about the relationships of physical and chemical properties. As in the first approach, accurate empirical diagnostics are extremely important. The mechanistic approach also includes other "input variables", such as watering frequency, plant water loss, and plant condition. Problems can arrise when researchers in this area become preoccupied with the mathematics of modeling rather than focusing on the utility of their models.
I submit that the most effective research approach is one that uses the most precise and accurate diagnostics to provide solid data for a well-conceived and integrated plan which utilizes that data. Physical properties must be evaluated in coordination with hydraulic properties to develop useful tools for irrigation and fertilizer management. Data from empirical diagnostic procedures should be placed within a frame-work designed to mathematically describe the relationship of these properties.
Soil physicists and soil chemists working on these same problems with soils in situ first agreed on standard nomenclature and definitions before they tried to standardize procedures or protocol. In fact, there are several procedures developed for each of the physical and hydraulic properties mentioned above (Klute, 1986) . The choice of method depends on several factors, such as 1) availability of equipment, 2) the nature of the soil, 3) the kinds of samples available, 4) the skills and knowledge of the experimenter, 5) the range of the parameter to be measured, and 6) the purpose for which the measurements are made.
I submit that we should learn from our colleagues in soil science: start with definitions, develop a framework, then develop procedures that can be used to collect the needed data.
Diagnostic Problems

Pore space
Pore space diagnostics and available water determinations. Soil scientists still have no clear terminology as to pore size with respect to classification into distinct size ranges. However, total pore space (S t ) has been defined as the total volume occupied by solids subtracted from unity to give the total volume occupied by pores (Danielson and Sutherland, 1986) . Total porosity is calculated by:
where ρ b = oven-dry bulk density, ρ p = particle density, and the ratio ρ b /ρ p is the fraction of the total volume occupied by solids. While bulk density measurements are easily and accurately done, particle density methods are tedious, time consuming and difficult, at best. Fortunately, mineral soils have ρ p ranges from 2.3 to 3.0 Mg m -3 . Often, when a highly accurate value of ρ p is not needed, an average value of 2.65 is used in calculations with an error of < 5%.
Horticultural substrates consist mainly of organic materials and have much lower ρ p . Unfortunately, the two methods of determining particle density, pycnometer and submersion, are very difficult for horticultural substrates, because organic components are not completely solid, absorbing water into them as well as adsorbing water onto their surfaces. Also, both methods give weighted mean densities, and do not provide an adequate description of combinations of components (Blake and Hartge, 1986) .
A more meaningful measure of total pore space for horticultural substrates may be derived from the hydraulic property of water-retention. Water content at saturation, Θ s , can be obtained from two methods: 1) moisture retention curves (Θ at 0 kPa), and 2) use of porometers, such as the substrate porometer developed in our laboratory, as well as others.
Porometers provide quick, repeatable, and reliable data. However, we have found that porosity measurements are affected by bulk density and moisture content. Table 1 shows total porosity, container capacity, and air filled porosity (AFP) for a 1:1, sphagnum peat: vermiculite (#2) at three bulk densities and two moisture contents. Bulk density had a slight effect on total porosity, a moderate effect on container capacity, and a large effect on AFP. Increasing moisture content to 250% prior to packing had minimal effect on total porosity. However, AFP actually increased at each bulk density compared with the 160% moisture content data (Milks, 1989c) . Two observations should be made at this point. First, AFP increased with moisture content apparently because the peat and the vermiculite absorbed water and hydrated, which prevented the particles of these components from nesting together. Second, these data suggest that porosity measurements can only be obtained if both moisture content and bulk density are controlled.
The need for further clarification of terms and techniques is demonstrated in the time of saturation for the above measurements. Solid particle materials such as sand and rockwool have shown little change in total porosity with saturation times of 0.25 to 96 hours. However, absorbent materials, such as peat and vermiculite, can show increases in total pore space with increasing time. Yet, standard practice for water retention curve determinations suggests a slow saturation process of 24 to 48 hours to prevent trapped air (Milks, 1989a) . This discrepancy must be resolved for horticultural substrates.
Available water determinations
Estimates of available water are made more difficult by no consensus of definition. Perhaps this is because there are two components to "available water: " "water availability" and "available water capacity." Available water capacity (AWC) is defined by soil physicists as the amount of water retained in the substrate reservoir that can be removed by plants (Cassel and Nielsen, 1986) . The amount of water retained by the reservoir at the upper or "full" end is referred to as container capacity; the amount of water retained at the lower or "dry" end is the permanent wilting point (PWP). AWC is therefore CC -PWP. Container capacity measurements can be made easily through various methods, but are only valid for the container tested. The most common measure of PWP is water content at 1.5MPa (Θ 1.5MPa ), using pressure plate extractors (Cassel and Nielsen, 1986 ).
The concept of water availability involves the integration of plant type, condition of the rhizosphere, and substrate hydraulic transport. Plant type includes species and/or cultivar used, the physical condition of the plant, stage of maturity, and root distribution. Rhizosphere condition involves the potential gradient existing at the root-substrate interface. Substrate hydraulic transport is specific to the unsaturated hydraulic conductivity near the water absorbing portions of the root.
Although AWC is a convenient hydraulic property measurement, it is only a true measure of the maximum water available to the plant under low evaporative demand. Also, laboratory methods of AWC do not consider root density or distribution.
Description of Hydraulic Status
The above constraints and limitations to these types of measurements make it critical that the development of standards and diagnostic protocols be well defined. It is important, however, to begin to compile the various research tools and techniques into a useable form, realizing that this is a beginning to better understanding, rather than the solution to a problem. In this spirit, I offer the following:
In the Horticultural Substrates Laboratory at North Carolina State University, we have developed a diagnostic protocol we find useful. The purpose is to describe the Hydraulic Status of a substrate under precisely defined conditions. This Hydraulic Status involves measurements of water content, air filled porosity, and water availability.
Measures of water content involve total porosity (TP), container capacity (CC), air filled porosity (AFP), unavailable water content (UW), and available water capacity. TP is defined as Θ s , and is obtained from either water retention characteristic curves (Θ at 0 kPa) or from the NCSU Substrate Porometer. CC can be measured in various containers or in the aluminum cylinder used for water retention curves or the NCSU Porometer (7.6 cm dia x 7.6 cm h). It can also be obtained using the models and equations developed by van Genuchten (1980) and modified by Milks, et al. (1989a Milks, et al. ( , 1989b . AFP is defined as Θ s -CC. Unavailable water is defined as Θ 1.5MPa ,and obtained with a pressure plate extractor (Milks, 1989b) . AWC is CC -Θ 1.5MPa .
The definition of terms remains constant, although the methods used in obtaining the data will vary, depending on the purpose for which the data are taken. For experiments involving plant production, diagnostics for CC and AFP can be specific for the container used. For comparison of new substrate components with commonly used materials, a specific set of procedures is used with the substrate porometer. This set of diagnostics allows us to rapidly compare new samples with those stored in an extensive data base. However, this specific set is not regarded as a set of "standard procedures, " but "specific" for comparisons.
The substrates analyzed in our laboratory have shown that the Hydraulic Status is affected not only by the physical and hydraulic properties of the substrate but also by several variables, which must be defined for each experiment (Milks, 1989c) . These include: 1) the geometry of the container used, 2) the handling of the substrate prior to filling (mainly moisture content and wetting agent additives), 3) the bulk density of the substrate in the container, 4) the method of water application, and 5) root density.
Regardless of the researcher or laboratory involved, physical and hydraulic property diagnostics must be based on concise definition of terms, and must be appropriate for the purpose for which the measurements are made. Above all, a continuous dialogue must be maintained among researchers to increase our understanding, to enable us to develop better substrates, and to develop more effective irrigation and fertilization strategies for horticultural crops.
